Objective: To determine whether mortality disparities in Appalachia are due to coal mining or other factors. Methods: Unadjusted and covariate adjusted rate ratio models calculated total, all external, and all cancer mortality rates from 1960 to 2009 for cumulative total, surface, and underground coal production in coal-mining counties compared with non-coal-mining counties. Results: No coal-related statistically significant elevations in total or all external mortality were found. Control for covariates attenuated rate ratios for all levels of coal mining. All forms of coal were statistically significant in the adjusted rate ratio models for all cancer mortality, with 4% to 6% excesses in the highest quartiles of production. Conclusions: Total and all external mortalities do not seem to be related to coal production in Appalachia, but all cancer mortality should be further examined. Additional causes of death should also be considered.
The matching process was conducted iteratively. The first step was to calculate an income range (median income ± 5%) for each coal-mining and non-coal-mining county eligible for inclusion. For each coal-mining county, potential non-coal-mining matches were identified by median income and geographic proximity, with counties within West Virginia given higher priority. Next, we chose the non-coal-mining county with the nearest median income to the coalmining county as a candidate match. Seven non-coal-mining counties used in our earlier analysis were found to have historical coal production at some point between 1950 and 2009, so new matches were selected for Boone, Lincoln, Logan, McDowell, Upshur, Tucker, and Webster Counties. We regenerated the descriptive mortality graphs shown in our earlier analyses, 9 and they showed little difference from the original graphs. The inclusion of these new counties had very little effect on the mortality trends and did not modify our previous conclusions (data not shown).
For coal-mining counties, we calculated cumulative total, surface, and underground tons of coal for 1950 to 2009. The data for 1950 to 1982 for total and underground coal were from West Virginia Mine Safety and 1983 to 2009 data for total, underground, and surface coal were from the Energy Information Association.
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Confounding Factors
We collected 2000 US Census county-level data for potential confounding factors: percentage of people over 25 years who graduated high school, percentage of unemployed, percentage of population below poverty line, and percentage of nonwhite. 14 We obtained the 2003 county urban-rural continuum code for each county from the USDA Economic Research Service. 15 Unemployment rates and primary care physician density for 2000 were gathered from the Area Resource File. 16 Estimated smoking prevalence rates (2000 to 2003) for current smokers aged 18 years or more were collected from the National Institutes of Health county level smoking rate model. 17 Age-adjusted obesity prevalence data for 2003 to 2005 were collected from the Center for Disease Control and Prevention, 18 using the small-area estimation method defined by Rao. 19 Countylevel average annual ambient air arsenic, 20 average annual ambient air cadmium, 21 1996 annual ambient air concentration of lead (μg/m 3 ), 22 number of days ozone above regulatory standard, 23 and 2001 annual average ambient concentration of particulate matter less than 2.5 μm (PM2.5) 24 were collected from the National Air Toxics Assessment and the Center for Disease Control and Prevention Environmental Public Health Tracking Network.
Generation of Mortality Rates
We used the Mortality and Population Data System (MPDS) 25 to generate the mortality rates and standard errors for the causes of interest. The MPDS contains the underlying cause of death code- 
Statistical Analyses
We tested for statistically significant differences in covariates between coal and non-coal-mining counties using paired t tests. We used negative binomial regression to estimate mortality rate ratios (RRs). 26 Negative binomial regression was used because of overdispersion in the initial Poisson models, which was confirmed via likelihood ratio tests and the Pearson chi-square dispersion statistic. We fit univariate models for coal exposure using different forms of coal, including dichotomized and four-level categorical, for surface, underground, and total coal. We also fit univariate models for each of the potential confounders related to mortality. Potential confounders were included in adjusted multivariate models for coal if the potential confounder had univariate statistical significance of P < 0.15.
We further investigated the association of cumulative coal exposure and all cancer mortality, by lagging coal exposure. The purpose of lagging exposure was to assess only earlier exposures that were likely more relevant to mortality. Using the combined coal data from 1950 to 2009, we assessed a series of 10-year lags for underground and total coal created by summing coal production over the 10 years before the mortality period examined. Exposure lags of 10 and 20 years were assessed using the Energy Information Administration coal exposure data from 1983 to 2009. The lags were created by summing underground, surface, and total coal production from 1983 to 1989 and 1990 to 1999, and were then used in the models with mortality rates for the periods of 1990 to 1999 and 2000 to 2009, respectively. The 20-year lag was assessed by regressing mortality from 2000 to 2009 on cumulative coal exposures from 1983 to 1989. This method is similar to the exposure-weighting scheme described by Youk et al. 27 We used several diagnostic procedures to ensure the validity of the models. We assessed points with potential high leverage and potential influential points and used sensitivity analyses fitting the models with and without these points. We also checked for multicollinearity among the covariates by computing pairwise correlation coefficients. Tables 1 and 2 show, for coal-mining and non-coal-mining counties, respectively, the county pairs and important covariate factors. McDowell County, West Virginia (median income $20,496), was matched to the poorest nonmining county in a bordering state (Hancock County, Tennessee; median income $25,372), with a median income percent difference of 8.6%. The paired t test for median income was not statistically significant (P = 0.71). Boone County had the most cumulative total coal mined from 1950 to 2009, including both the most underground and surface coal mined. Overall, the coal-mining counties had statistically significantly higher: percent living below the poverty level (21.1% vs 17.6%; P = 0.01), and percent obese (28.9% vs 26.7%; P <0.001). The percent below the poverty line in coal-mining counties ranged from 11.7% (Brooke County) to 37.7% (McDowell County). For non-coal-mining counties, the range was similar: 11.1% (Hancock County, West Virginia) to 29.4% (Hancock County, Tennessee). Obesity prevalence ranged from 25.1% (Monongalia County, West Virginia) to 35.6% (Logan County, West Virginia) in coal-mining counties, and from 20.3% (Watauga County, West Virginia) to 30.5% (Tyler County, West Virginia) in non-coal-mining counties. Non-coal-mining-counties had statistically significantly higher average annual cadmium (1.11E-05 vs. 3.62E-05; P = 0.01). There were no statistically significant differences between coal-mining and non-coal-mining counties in rural-urban continuum (5.1 vs 6.1; P = 0.09), percentage of adults 25 years or older with a high school education (71.2% vs 70.1%; P = 0.58), unemployment rates (7.2% vs 6.8%; P = 0.56), percentage of smokers (33.9% vs 32.3%; P = 0.14), percentage of nonwhite (3.7% vs 3.2%; P = 0.44), percentage of people older than 65 years (15.5% vs 15.5%; P = 0.97), average annual arsenic (2.3E-04 vs 2.8E-04; P = 0.32), average annual lead (4.1E-04 vs 6.7E-04; P = 0.28), ozone (3.9 vs 4.1; P = 0.90), PM2.5 (10.9 vs 11.1; P = 0.68), or primary care physician density (98.8 vs 81.1; P = 0.22).
RESULTS
For all causes of death examined, models removing the high leverage and influential points were not sensitive to the deletion of the point(s), and no problems with multicollinearity were identified in our models. Table 3 shows the unadjusted and adjusted RRs for total mortality by type of coal mined with their respective confidence intervals (CIs). No form of coal was statistically significant in the unadjusted model. Unadjusted RRs ranged from 1.03 to 1.11 for total coal, with the highest RRs associated with the highest quartile of coal production for all three forms of coal. Models were adjusted for age, sex, and year, and poverty, obesity, and smoking. After adjustment, the RRs for each type of coal were attenuated. All forms of coal were statistically significant in the adjusted models with very narrow CIs around the RRs. There was no evidence of increasing mortality risk by increasing production for any type of coal.
Unadjusted and adjusted RRs for all external causes of death are shown in Table 4 . Mortality excesses of 8% to 12% are found in the highest quartiles of production for all types of coal; the other unadjusted RRs are mainly unremarkable and vary around 1. Surface coal is highly statistically significant in the unadjusted models, driven by a 12% excess in the highest quartile of surface coal production. Models were adjusted for age, sex, and year, and all important covariate factors. After adjustment, baseline RRs below 1 generally increased and baseline RRs above 1 generally decreased, all but eliminating any relationship with coal.
Unadjusted all cancer mortality RRs range from 1.05 to 1.16 for all forms of coal (Table 5) , although none were univariately statistically significant. Unadjusted RRs were higher in all categories than for total mortality (Table 3) , but were not monotonically increasing for any form of coal production. Education, obesity, and percentage of nonwhite were statistically significant in the univariate models and included in the adjusted models with age, sex, and year. Adjustment attenuated the relationship, although there were still statistically significantly elevated RRs in many of the quartile-specific categories, with statistically significant 1% to 6% mortality excesses in the first quartiles of production and statistically significant 4% to 6% excesses in the fourth quartiles of coal production. Figure 1 shows the decade-specific relative risk estimates for each cause of death adjusted for coal production and the statistically significant covariates. For total and all external cause mortality, 1960 to 1969 was used as the baseline. Rate ratios are statistically significantly reduced relative to the baseline for all decades. For all cancer mortality, the baseline period is 1950 to 1959. Rate ratios for all cancer increase each decade until reaching a statistically significant 34% excess in 1990 to 1999 and then slightly dropping in the 2000 to 2009 period (RR, 1.30; 95% CI, 1.26 to 1.35).We assessed trends in all cancer mortality using a linear trend test and found a statistically significant increasing trend over time (P < 0.01). Table 6 shows the results of the lag analysis for all cancer mortality on the basis of the Energy Information Administration coal data from 1983 to 2009. In these models coal was treated as a continuous variable per 10 million tons produced. Unadjusted RRs for underground and total coal were 1.01 for all periods examined. *Models adjusted for percent unemployed, percent poverty, percent with high school education, percent nonwhite, obesity prevalence, smoking prevalence, rural-urban continuum, average arsenic level, average cadmium level, average lead level, PM2.5 concentration, ozone concentration, and PCP density CI, confidence interval; PCP, primary care physician; PM2.5, particulate matter less than 2.5 μm; RR, rate ratio. 
DISCUSSION
This study is the first to examine mortality rates in coal-mining areas of Appalachia over a 50-year period. Other mortality studies in Appalachia have been restricted to examining much shorter periods of mortality, 1-3,7,28-32 whereas we were able to examine mortality patterns over 50 years (noncancer causes of death) or 60 years (cancer causes of death).
We found no evidence of elevated total mortality rates when comparing coal-mining with non-coal-mining counties in Appalachia, either before or after adjustment for statistically significant covariates when evaluating several forms of coal. Our earlier work found statistically significant higher mortality rates among men and women in coal-mining compared with non-coal-mining counties. 9 Controlling for socioeconomic and personal risk factors attenuated any relationship between total mortality and coal production.
We found a statistically significant 27% deficit in total mortality in the 2000 to 2009 period after adjustment, and a not statistically significant 8% deficit for all external causes of death. The total mortality findings are similar to those by Borak et al, 3 but in contrast with findings by Hendryx. 7, 28 Hendryx found evidence for total mortality excesses with statistically significant covariates including smoking rate, primary care physician density, rural-urban level, poverty rate, nonwhite, and high school and college education levels. Borak did not find evidence of an association between total mortality and coal, but did find associations with other covariates, including poverty rate and obesity, as found in this study. We found a statistically significant univariate association with smoking and total mortality, which Borak did not find. We did not find any statistically significant excesses FIGURE 1. Decade-specific rate ratios by cause-of-death category for adjusted models. in any quartile of total or underground coal production. We found statistically significant 3% and 2% excesses in the first and fourth quarters of surface coal production, respectively. Nevertheless, these patterns are not indicative of an increasing risk related to increasing surface coal production. The examination of external causes of death was primarily as a "control" cause of death category, and was not expected to be related to coal production, as this category is composed of suicides, homicides, and accidents (both motor-vehicle related and other). The possible exception to this would be with coal-related industrial accidents. In the years covered by this study, the highest number of coal-related accidental deaths was 78 from an explosion in Farmington, West Virginia in 1968. This, and other large-scale tragedies such as the Upper Big Branch explosion in 2010, which killed 28 miners, would have little overall effect on the mortality rates used here. We did not find any relationship between coal production and external causes of death mortality.
No form of coal production was statistically significant in the univariate models for all cancer mortality. Nevertheless, because we were interested in examining the relationship between mortality, coal production, and other covariate risk factors, we included coal in the adjusted all cancer models. All three forms of coal were highly statistically significant in the adjusted models, as were years, age group, sex, percentage with a high school education, percentage of nonwhite, percentage of obese, and rural-urban continuum. The RRs for coal are elevated relative to baseline for most quartiles of coal production with no apparent trend. Our lagged analyses found little evidence of risk relative to total or underground coal production, but did show 3% to 6% increased risk per 10 million tons of surface coal produced. Because all cancer mortality includes so many different causes of death, additional analyses should be performed on specific types of cancer to determine whether the relationship with coal production is more prominent in certain subtypes. The decade-specific models included coal and other covariates, and showed increased risk over time compared with baseline. In 2006 to 2010, West Virginia had the third highest cancer mortality rate of any state in the United States, although rates fell slightly during that time.
Although providing important information about the mortality patterns in Appalachia over time, this study does have some limitations. We had only group-level data for all covariates and for coal, so we are not able to evaluate a causal effect between mortality and cumulative coal exposure. We had total and underground coal production data for the entire period evaluated, but only had surface coal production data from 1982 to 2009. This is probably a minor underascertainment of exposure because surface mining production increased rapidly in the early 1980s, so we have covered the most active period. There were some production discrepancies between the two sources of coal production; in those cases we chose to use the Energy Information Administration data as the gold standard. We used point in time estimates for covariates from the late 1990s to 2000s; these estimates may not have prevailed historically. We also made no formal adjustment for the multiple comparisons performed, so some statistically significant findings may simply be due to chance.
In these analyses, we have attempted to account for some of the demographic, socioeconomic, and personal risk factors that can influence mortality in a community. Lengerich et al 33, 34 identified such factors as education, isolation, access to health care, health beliefs, and kinship, as affecting mortality patterns in Appalachia.
Using 50 years of mortality data, the total and all external cause mortality patterns do not seem to be related to coal production in Appalachia. The findings for all cancer indicate that there may be a relationship with surface coal production that should be examined in more detail. Additional noncancer causes of death should also be considered in relation to coal.
